Abstract Invasion is a hallmark of malignant gliomas and is the main reason for therapeutic failure and recurrence of the tumor. CXCR4 is a key chemokine receptor implicated in glioma cell migration whose expression is regulated by hypoxia. Here, we report that hepatocyte growth factor (HGF) upregulated CXCR4 protein expression in glioma cells. HGF pre-treatment increased migration of U87MG and LN229 glioma cells towards the CXCR4 ligand, stromal cell-derived factor-1a (SDF-1a). AMD3100, a CXCR4 inhibitor, inhibited the increased migration of HGF pretreated LN229 glioma cells towards SDF-1a. Following exposure to HGF and hypoxia, both cell lines showed nuclear translocation of NF-jB (p65). The HGF-and hypoxia-induced nuclear translocation of NF-jB (p65) involved phosphorylation and degradation of IjB-a. Knock-down of NF-jB expression inhibited the induction of CXCR4 expression in response to HGF, but not to hypoxia. However, knock-down of NF-jB expression inhibited the induction of CXCR4 expression in response to hypoxia in the presence of HGF. NF-jB mediated migration towards SDF-1a in response to HGF. Knock-down of NF-jB expression resulted in decreased migration of HGF pre-treated glioma cells towards SDF-1a. Therefore, HGF upregulates CXCR4 expression via NF-jB and leads to enhanced migration. To our knowledge, this is the first report to show that a crosstalk mediated by NF-jB exists between the SDF-1a/CXCR4 and HGF/c-Met axes relevant to glioma cell migration. These findings imply that effective inhibition of glioma invasion should be directed against several ligand/receptor signaling pathways.
Introduction
Gliomas are the most common type of primary brain tumor. Histologically, they consist of a tumor mass with an ill-defined border [1] . Instead of metastasizing to distal organs, gliomas characteristically spread through the brain parenchyma as individual cells along different anatomic structures [2] . As a result, after surgical resection of the tumor mass, a recurrent tumor typically occurs within a 2 cm margin of the primary tumor. Evidence suggests that invasive glioma cells display decreased proliferation rate and increased resistance to apoptosis, rendering chemotherapy and radiation therapy ineffective [3] . Thus, there is a need to understand the molecular mechanisms governing glioma invasion in order to develop effective anti-invasive therapies.
Several ligand/receptor systems confer an invasive phenotype to glioma cells. For these studies we will focus on two of them. First, stromal cell-derived factor-1a (SDF-1a)/ CXCR4 has emerged as a key axis in glioma invasion. CXCR4 is a G-protein coupled chemokine receptor, also known as ''fusin''. CXCR4's ligand is the small chemokine SDF-1a. CXCR4 expression has been correlated with increased tumor grade and malignancy [4] . Overexpression results in increased migration of tumor cells in various cancers including breast [5] , ovarian [6] , non-small cell lung [7] , prostate [8] , renal cell [9] and gliomas [10] . CXCR4 is expressed in glioma cell lines and surgical specimens [11] . SDF-1a has been shown to increase chemotaxis and invasion of CXCR4-positive U251 glioma cells through the activation of downstream intracellular pathways of Erk1/2 and Akt [12] . Studies have also noted that SDF-1a upregulates MT2-matrix metalloproteinase (MMP) expression and enhances the invasiveness of CXCR4-positive glioma cells [13] .
A second ligand/receptor system mediating glioma invasion is the hepatocyte growth factor (HGF)/c-Met axis. The tyrosine kinase receptor c-Met is a high affinity receptor for the cytokine HGF, also known as scatter factor. The HGF/c-Met axis is a potential therapeutic target in cancers such as non-small cell lung [14] , prostate [15] , salivary gland [16] , breast [17] , hepatocellular carcinoma [18] and glioma [19] . Both HGF and c-Met are overexpressed in gliomas and their expression correlates with increased tumor grade and malignancy [19] . Among 14 different growth factors examined in vitro, HGF emerged as the most potent stimulator of glioma cell migration [20] . Moreover, blocking signaling through the HGF/c-Met axis using antibodies against HGF led to tumor regression in vivo [21] .
In the current study, we defined the crosstalk between the SDF-1a/CXCR4 and HGF/c-Met axes relevant to glioma cell migration. Previously, both CXCR4 and c-Met were shown to be upregulated by hypoxia in glioma cell lines, leading to enhanced migration [10, 22] . A study on breast cancer cells reported that HGF was able to induce the expression of CXCR4 and contribute to tumor cell invasiveness [23] . Similarly, we hypothesized that HGF upregulates CXCR4 in glioma cells and this results in increased migration. We therefore tested (1) whether HGF upregulates CXCR4 expression in glioma cells, (2) whether HGF increases glioma cell migration towards SDF1a, (3) whether NF-jB contributes to HGF and hypoxic induction of CXCR4, and (4) whether NF-jB mediates glioma cell migration towards SDF-1a in response to HGF.
Materials and methods

Cell culture and reagents
Human glioma cell lines U87MG and LN229 were obtained from ATCC (Manassas, VA, USA). Cell lines were cultured in 5% CO 2 at 37°C in Dulbecco's Modified Eagle Medium (DMEM) (Cellgro, Herndon, VA, USA). The medium was supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Norcross, GA, USA), 1% penicillin and streptomycin, and 2 mM glutamine (Gibco BRL, Grand Island, NY, USA). For hypoxic exposure, cells were placed in a sealed Modular Incubator Chamber (Billups-Rothenberg Inc., Del Mar, CA, USA) flushed with 1% O 2 , 5% CO 2 , and 94% N 2 . Recombinant human HGF (R&D Systems Inc., Minneapolis, MN, USA) was dissolved in 0.1% bovine serum albumin (BSA) in PBS and stock solution (10 lg/ml) was stored at -20°C. Recombinant human SDF-1a (R&D Systems Inc.) was prepared in 0.1% BSA in PBS and stock solution (100 lg/ml) was stored at -20°C. AMD3100, a CXCR4 inhibitor [2] (kindly provided by Dr. J.B. Rubin, Washington University, St. Louis, MO, USA), was prepared in PBS (5 mg/ml) and kept at 4°C until used.
Western blot analysis
Cells were lysed in RIPA buffer supplemented with protease inhibitors [10] . Protein quantitation and electrophoresis were performed as previously described [10] . Western blot analysis was performed with the following antibodies: rabbit anti-CXCR4 polyclonal antibody 1:1000 (Imgenex, San Diego, CA, USA), rabbit anti-NF-jB (p65) polyclonal antibody 1:1000 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), rabbit anti-p-IjB-a polyclonal antibody 1:1000 (Santa Cruz Biotechnology, Inc.), rabbit anti-IjB-a polyclonal antibody 1:1000 (Santa Cruz Biotechnology, Inc.) and mouse anti-actin monoclonal antibody 1:20,000 (clone C4, Chemicon International, Inc., Temecula, CA, USA). Donkey anti-rabbit and anti-mouse IgG horseradish peroxidase-conjugated secondary antibodies (Amersham Life Pharmacia Biotech, Piscataway, NJ, USA) were used at 1:2500 dilution. Immunodetection was carried out with the Supersignal West Pico Chemiluminescent Reagent (Thermo Fisher Scientific, Rockford, IL, USA). Visualization and densitometry of protein bands were performed with the National Institutes of Health (NIH) Image software (version 1.62).
Migration assay BD Biocoat chambers (BD Bioscience Discovery Labware, Bedford, MA, USA) with 8-lm pore size polycarbonate filter inserts for 24-well plates were used according to the manufacturer's instructions and as described [10] . Briefly, cells (5 9 10 4 ) either untreated or pre-treated for 16 h with HGF (20 ng/ml) were seeded onto the upper chambers in 400 ll of DMEM medium with 10% FBS in the presence or absence of 100 nM of AMD3100 and placed into wells containing 600 ll of complete medium with or without SDF-1a (100 ng/ml) to induce cell migration. The migration chambers were incubated for 24 h in normoxic or hypoxic conditions at 37°C. After incubation, the inserts were fixed and stained and the number of migrating cells was counted as described [10] . Each assay was performed in duplicate and repeated two times with similar results. The data from independent experiments were pooled for statistical analysis.
Immunofluorescence microscopy Glioma cells (3 9 10 4 ) were seeded onto poly-D-lysinecoated glass coverslips and incubated overnight. Cells were grown under normoxia or hypoxia and in the presence or absence of HGF for 30 min and processed for immunofluorescence. Cells were first fixed in 100% methanol for 2 min and later permeabilized in 0.5% Triton X-100/PBS for 5 min at room temperature. Nonspecific binding was blocked by incubation in blocking buffer containing 3% BSA for 30 min at room temperature. Cells were incubated with primary rabbit anti-NF-jB (p65) polyclonal antibody 1:100 (Santa Cruz Biotechnology, Inc.) for 2 h at room temperature. Cells were then washed in blocking buffer three times for 10 min each before incubation with secondary goat anti-rabbit fluorescein isothiocyanate (FITC)-conjugated antibody (Santa Cruz Biotechnology, Inc.) 1:500 for 1 h at room temperature in the dark. Cells were washed in PBS, mounted onto glass slides, and examined using a Zeiss Axiovert 200 M microscope (639 objective lens, N.A. 1.4, 1.69 Optovar) equipped with a cooled Retiga 2000R CCD (QImaging) and Metamorph Software (Molecular Devices). Two independent experiments were performed.
Transfection of glioma cells with small interfering RNA (siRNA) targeting NF-jB expression Glioma cells were plated (3 9 10 5 ) in 60-mm dishes and after 24 h were transfected. Before transfection, the medium was aspirated and 4.6 ml of serum-free medium was added to each plate. Knock-down of NF-jB expression was performed using validated target sequences (SI02654932; Qiagen, Valencia, CA, USA). For transfection, 5 nmol annealed siRNA targeting NF-jB or the AllStars negative control siRNA [a scrambled (Scr) sequence with no significant homology to any known gene sequences from mouse, rat, or human cell lines] was used. The siRNA sequences were diluted in serum-free medium, mixed with 4 ll Hiperfect (Qiagen, Valencia, CA, USA), and incubated at room temperature for 10 min. The mixtures were added dropwise to each dish, mixed by gently swirling the dish, and incubated for 4 h at 37°C when 0.5 ml of FBS was added for a final concentration of 10%. After incubation at 37°C for 48 h, cells were cultured in normoxic or hypoxic conditions in the presence or absence of HGF for 16 h. Cells were harvested for Western blot analysis or migration assay. Two independent experiments were performed.
Results
HGF and hypoxia upregulate CXCR4 protein expression
We first evaluated the effect of HGF on CXCR4 protein expression. U87MG and LN229 glioma cell lines were cultured in normoxic or hypoxic conditions in the presence or absence of 20 ng/ml of HGF for 16 h. Total cell lysates were collected and subjected to Western blot analysis (Fig. 1) . Although we observed that U87MG and LN229 glioma cells had different endogenous levels of CXCR4, exposure to HGF and hypoxia increased CXCR4 protein expression in both cell lines. HGF upregulated CXCR4 protein expression by three-fold in U87MG and five-fold in LN229 glioma cells. Hypoxia increased CXCR4 expression by four-fold in U87MG and six-fold in LN229 glioma cells. Combining HGF and hypoxia produced a more 
HGF pre-treatment increases migration towards SDF-1a
To evaluate whether the HGF-and hypoxia-induced CXCR4 expression was of biological significance, we tested the migration of U87MG and LN229 glioma cells untreated or pre-treated with HGF towards SDF-1a in normoxic or hypoxic conditions. Results from two independent experiments are shown (Fig. 2) . Cells untreated or pre-treated with 20 ng/ml of HGF for 16 h were seeded in migration chambers and placed into wells in the presence or absence of 100 ng/ml of SDF-1a. They were allowed to migrate for 24 h in normoxic or hypoxic conditions, after which they were fixed, stained and quantitated. In normoxic conditions, HGF pre-treatment or the presence of SDF-1a in the lower well alone had no effect on the number of migrated cells in either cell line. In contrast, when U87MG (Fig. 2a) and LN229 (Fig. 2b ) glioma cells were first pre-treated with HGF, they then showed a significant increase in migration towards SDF-1a as compared to cells exposed to SDF-1a alone (P \ 0.001).
In hypoxic conditions, both cell lines increased their migration significantly compared to similar cultures in normoxic conditions (P \ 0.001). In the absence of HGF pre-treatment, but in the presence of SDF-1a in the lower well, U87MG glioma cells showed a significant increase in migration towards SDF-1a compared to hypoxic control cultures (P \ 0.001). Migration of HGF pre-treated cell lines towards SDF-1a was significantly increased as compared to cells exposed to SDF-1a alone (P \ 0.001). When repeated in the presence of 10 mM hydroxyurea, which blocks proliferation [2] , HGF pre-treated cells still showed a marked increase in migration towards SDF-1a as compared to cells exposed to SDF-1a alone (data not shown).
To confirm that the HGF-induced CXCR4 expression led to increased migration towards SDF-1a, we blocked CXCR4 expression in LN229 glioma cells with AMD3100, a CXCR4 inhibitor (Fig. 2c) . AMD3100 inhibited the increased migration of HGF pre-treated LN229 glioma cells towards SDF-1a compared to control cultures (P \ 0.001). Fig. 2 HGF pre-treatment increases migration towards SDF-1a. U87MG (a) and LN229 (b and c) glioma cells untreated or pre-treated with 20 ng/ml of HGF for 16 h were seeded in migration chambers in the presence or absence of 100 nM of AMD3100 and placed into wells in the presence or absence of 100 ng/ml of SDF-1a. They were allowed to migrate for 24 h in normoxic or hypoxic conditions. Bar graphs indicate the average number of migrated cells per field. Error bars denote mean ± standard deviation. * P \ 0.001 versus normoxic control; ** P \ 0.001 versus non-SDF-1a exposed cells; *** P \ 0.001 versus SDF-1a exposed cells; D P \ 0.001 versus HGF pre-treated, SDF-1a exposed cells. Bar graphs represent pooled data from two independent experiments. N and white bars normoxic conditions; H and grey bars hypoxic conditions; hatched bars AMD3100-treated cells
NF-jB contributes to HGF-mediated CXCR4 upregulation
In response to an appropriate signal, the cytoplasmic inhibitor IjB-a is phosphorylated on serine and degraded, thus dissociating from the NF-jB (p65-p50) heterodimer. As a result, NF-jB heterodimer translocates from the cytosol to the nucleus and induces the expression of target genes containing NF-jB response elements [24] . To determine if HGF and hypoxia activated NF-jB signaling, U87MG and LN229 glioma cells were cultured in normoxic or hypoxic conditions in the presence or absence of 20 ng/ml of HGF for 30 min and then subjected to immunostaining for NF-jB (p65) (Fig. 3a) . In the absence of HGF or hypoxia, U87MG and LN229 glioma cells showed cytoplasmic localization of NF-jB (p65). Following exposure to HGF and hypoxia, both cell lines showed nuclear translocation of NF-jB (p65). To test whether the HGF-and hypoxia-induced nuclear translocation of NF-jB (p65) involved phosphorylation and degradation of IjB-a, we assessed the phosphorylation state of IjB-a protein. U87MG and LN229 glioma cells were cultured in normoxic or hypoxic conditions in the presence or absence of 20 ng/ml of HGF for 30 min. Total cell lysates were collected and subjected to Western blot analysis (Fig. 3b) . We observed that exposure to HGF and hypoxia increased IjB-a phosphorylation levels in both cell lines, which was accompanied by a marked decrease in IjB-a protein expression.
The CXCR4 promoter region has been shown to contain NF-jB response elements [25] . NF-jB has also been demonstrated to stimulate glioma cell invasion [26] . We thus wanted to determine whether NF-jB played a role in the induction of CXCR4 in response to HGF and hypoxia. The results of representative Western blots from two independent experiments are shown (Fig. 3c ). U87MG and LN229 glioma cells were transfected with Scr siRNA or siRNA directed against NF-jB. After 48 h, cells were cultured in normoxic or hypoxic conditions in the presence or absence of HGF for 16 h. Total cell lysates were then NF-jB mediates migration towards SDF-1a in response to HGF
We then determined whether knock-down of NF-jB expression resulted in decreased migration of HGF pretreated glioma cells towards SDF-1a in normoxic and hypoxic conditions. Having observed similar responses in U87MG and LN229 glioma cells (Figs. 1, 2, 3) , we chose LN229 glioma cells as a representative cell line for this investigation. LN229 glioma cells were transfected with Scr siRNA or siRNA directed against NF-jB. After 48 h, cells were cultured in normoxic or hypoxic conditions in the presence or absence of 20 ng/ml of HGF for 16 h. Cells untreated or pre-treated with HGF were seeded in migration chambers and placed into wells in the presence or absence of 100 ng/ml of SDF-1a. They were allowed to migrate for 24 h in normoxic or hypoxic conditions, after which they were fixed, stained and quantitated. Results from two independent experiments are shown (Fig. 4) . As we observed previously (Fig. 2b) , in normoxic conditions, HGF pre-treated cells showed a significant increase in migration towards SDF-1a as compared to cells exposed to SDF-1a alone (P \ 0.001). After knock-down of NF-jB expression, migration of the HGF pre-treated cells towards SDF-1a was significantly decreased compared to Scr siR-NA transfected cultures (P \ 0.001). In hypoxic conditions, knock-down of NF-jB expression also led to a decrease in migration compared to Scr siRNA transfected hypoxic control cultures (P \ 0.001).
Discussion
Our findings demonstrate that (1) HGF upregulates CXCR4 expression in glioma cells, (2) HGF increases glioma cell migration towards SDF-1a, (3) NF-jB contributes to HGF-mediated induction of CXCR4, and (4) NF-jB mediates glioma cell migration towards SDF-1a in response to HGF. To our knowledge, this is the first report to show a crosstalk mediated by NF-jB exists between the Fig. 4 NF-jB mediates migration towards SDF-1a in response to HGF. LN229 glioma cells were transfected with Scr siRNA or siRNA directed against NF-jB. After 48 h, cells were cultured in normoxic or hypoxic conditions in the presence or absence of 20 ng/ml of HGF for 16 h. Cells untreated or pre-treated with HGF were seeded in migration chambers and placed into wells in the presence or absence of 100 ng/ml of SDF-1a. They were allowed to migrate for 24 h in normoxic or hypoxic conditions. Bar graphs indicate the average number of migrated cells per field. Error bars denote mean ± standard deviation. * P \ 0.001 versus normoxic control; *** P \ 0.001 versus SDF-1a exposed cells; h P \ 0.001 versus hypoxic control; hh P \ 0.001 versus HGF pre-treated cells exposed to SDF-1a. Bar graphs represent pooled data from two independent experiments. N and white bars normoxic conditions; H and grey bars, hypoxic conditions. si NF-jB (-) indicates cells transfected with Scr siRNA and si NF-jB (?) indicates cells transfected with siRNA directed against NF-jB Our results indicate a crosstalk between the SDF-1a/CXCR4 and HGF/c-Met axes relevant to glioma cell migration SDF-1a/CXCR4 and HGF/c-Met axes relevant to glioma cell migration (Fig. 5) .
Previous studies have demonstrated that hypoxia is a pivotal factor in the glioma microenvironment that mediates invasion [27] and induces both CXCR4 [2, 10] and c-Met [22, 28] . In this study we observed that HGF, another critical factor of the glioma microenvironment, increased CXCR4 protein levels in U87MG and LN229 glioma cells. Similarly, another study has reported increased SDF-1 and CXCR4 mRNA levels in glioma cells upon treatment with HGF [29] . As documented here, the crosstalk between the SDF-1a/CXCR4 and HGF/c-Met axes appears not to rely entirely on hypoxia. Therefore, our data suggest that although targeting hypoxia might be a promising therapeutic strategy, it is not sufficient to abolish glioma invasion. This further underlies the need to fully understand the molecular mechanisms governing glioma cell migration before effective anti-invasive therapies can be developed.
HGF was previously demonstrated to promote the migration of glioma cell lines [22] . However, whether HGF pre-treated glioma cells migrate more readily towards SDF-1a has never been explored. We observed a marked increase in migration towards SDF-1a in HGF pre-treated glioma cells. This increase was even more pronounced in hypoxic conditions. Our results suggest that HGF pretreatment ''primes'' the glioma cells to migrate towards SDF-1a by upregulating CXCR4 expression. Similar findings were previously reported for breast cancer cells [23] . It should be noted that although hypoxia upregulated CXCR4 protein levels in both U87MG and LN299 glioma cells, the level of hypoxia-induced CXCR4 protein expression was low in LN229 compared to U87MG glioma cells. Therefore, whereas neither cell line migrated towards SDF-1a under normoxic conditions, only U87MG glioma cells increased their migration towards SDF-1a under hypoxic conditions.
A variety of signals activate the transcription factor NFjB, including growth factors, inflammatory cytokines, UV light and oxidative stress [24] . Our data show that HGF and hypoxia activate NF-jB by inducing the nuclear translocation of the p65 subunit via phosphorylation and degradation of the cytoplasmic inhibitor IjB-a. Previous studies suggested that aberrant constitutive activation of NF-jB drives invasion in glioma [26] . In line with this observation, blocking NF-jB activity resulted in a marked decrease in glioma invasion in vitro [30] . NF-jB was also shown to induce the expression of CXCR4 [25] and mediate HGF-induced CXCR4 upregulation and invasion in breast cancer cells [31] . Our results suggest that although CXCR4 is upregulated by both HGF and hypoxia in glioma cells, NF-jB induces CXCR4 only after HGF stimulation. Hypoxic upregulation of CXCR4 is therefore more likely due to the activity of transcriptional activators such as HIF-1 [10] . We observed a marked decrease in migration of cells pre-treated with HGF towards SDF-1a after knock-down of NF-jB expression compared to Scr siRNA transfected cultures. These findings indicate that HGF upregulates CXCR4 expression via NF-jB and promotes enhanced glioma cell migration. In hypoxic conditions, knock-down of NF-jB expression also led to a marked decrease in migration compared to control cultures. NF-jB has been previously shown to be regulated by hypoxia and associated with cell motility [32] . Thus, it is likely that NF-jB contributes to the hypoxia-mediated increase in cell migration by inducing other genes in addition to CXCR4. For instance, NF-jB was shown to be essential in enhancing the expression of the metalloproteinases MMP-2 and MMP-9 and contribute to glioma invasion [33] . However, the possibility of other transcription factors besides NF-jB contributing to HGF-mediated upregulation of CXCR4 should not be ignored. For instance Ets-1, another HGF and hypoxia-inducible transcription factor, is able to activate the transcription of CXCR4 [31] and mediate glioma invasion [34] .
In vivo, both HGF and c-Met [35] , as well as CXCR4 [10] are expressed by both tumor and endothelial cells of gliomas. This suggests both autocrine and paracrine signaling mechanisms between tumor cells and tumor endothelium affect glioma progression by promoting invasion as well as angiogenesis. HGF released either by tumor or endothelial cells of gliomas may enhance not only HGF/cMet, but also SDF-1a/CXCR4 signaling on tumor cells, thereby promoting invasion. On the other hand, HGF may similarly enhance angiogenesis due to the crosstalk between these two signaling pathways.
Collectively, our data indicate a crosstalk between two ligand/receptor systems essential for glioma cell migration, i.e. SDF-1a/CXCR4 and HGF/c-Met. This implies that effective inhibition of glioma invasion should be directed against more than one signaling pathway.
